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Figure 11. Mean January zonal-mean residual circulation (streamlines for illustration of direction only) and its mass flux (colours, in
kgm2 s 2) on the left (from top to bottom): reference simulation (a), relative Box0.1–reference simulation anomaly (c), relative Box0.1–
Zon0.1 simulation difference (e); and on the right (from top to bottom): snapshot of the SSWbox simulation at 5 days after the GWD
injection (b), 10box–reference simulation relative anomaly (d), relative 10box–10zon simulation difference (f). Relative anomalies and dif-
ferences are given in % of the reference or corresponding box simulation, respectively. The statistical significance of the mean residual
circulation mass flux differences was computed by a t test and regions with p values< 0.05 are dashed.
tion we can observe a completely different distribution vari-
able with time, with subsidence dominating directly above
the GWD area in the later stages of the simulation (anima-
tion 4 in the Supplement). When the artificial GWD is strong
enough to induce significant dynamical changes (SSW simu-
lations), the anomalies cannot be directly explained as being
GW-induced because also the dynamical state of the atmo-
sphere changes (e.g. the anticyclonic evolution in animation
1a). Therefore, the explanation of residual vertical wind cross
section patterns for both SSW simulations is much more
complicated and requires future research allowing for at least
the GWD enhancement to reflect the changing background
conditions.
4 Discussion and conclusions
In this paper, we presented results of a set of sensitivity
simulations to find out the possible role of a localised GW
www.atmos-chem-phys.net/16/15755/2016/ Atmos. Chem. Phys., 16, 15755–15775, 2016
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Figure 1. Mean January zonal means of temperature (a), zonal wind (b), GW-induced heating (d) GW-induced zonal wind acceleration
(e) and meridional wind acceleration (f) for the reference simulation. Additionally, mean January zonal-mean nudging strength for the
strongest GWD injection (SSWbox simulation in Table 1) is shown (c).
Figure 2. Two examples of the GWD enhancement horizontal distribution imposed between approx. 20 and 30km of log-pressure height.
Left panel: box distribution (Box0.1 simulation). Right panel: ring distribution (Zon0.1 simulation). Colours indicate GW-induced zonal
acceleration [m s 1 day 1].
zonal GWD component,  0.5m s 1 day 1 as a conserva-
tive enhancement and  10m s 1 day 1 to demonstrate a big
impact of the injection. In addition, an extreme case with
 70m s 1 day 1 is added to force substantial circulation
changes (SSW simulations).
Depending on the GW type and on the direction of back-
ground winds, the GWD also has a meridional component,
which is usually poorly constrained by observations. We per-
formed simulations with three different values of meridional
GW-induced acceleration ( 0.5,  0.1, 0.1m s 1 day 1).
The direction of the zonal and meridional GW-induced accel-
Atmos. Chem. Phys., 16, 15755–15775, 2016 www.atmos-chem-phys.net/16/15755/2016/
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All observations have inherent limitations on the types of waves that can be observed. In
particular, limitations on vertical wavelength  z of a given technique are a special di culty for
gravity wave momentum flux and drag estimates because the vertical wavelength of a given wave
will change as the wave propagates through vertical wind shear and stability variations. This
observational filter e↵ect can make a wave disappear with height artificially (Alexander, 1998), and
so applying (1) could lead to an assumed drag when none may be present. This is change in  z is
called “wave refraction” and can be described using the gravity wave dispersion relation:
m2 =
N2k2
(!0   ~U · ~k)2
(2)
Here m (= 2⇡/ z) is the vertical wavenumber, k the horizontal wavenumber, N the buoyancy
frequency, ~U the horizontal wind vector, and !0 is the ground-based frequency of the wave. Common
approximations used in satellite data analysis have been made in writing (2), specifically that
the Coriolis frequency can be neglected ((!0   ~U · ~k)2 >> f2), and that the wave horizontal
wavelength is much longer than the vertical wavelength (m2 >> k2). In (2) we can see that wind
shear in the direction of wave propagation, or changes in stability will give changes in the vertical
wavelength. For wave driving of the BDC, we are primarily concerned with westard wind shifts
causing westward propagating waves to refract to shorter vertical wavelengths, since those are
more prone to instability and dissipation (Dewan and Good, 1986) leading to wave drag. Another
approximation specific for stationary orographic waves (!0 = 0) yields the simplified expression,
|m| = N|~U · ~k| (3)
Researchers use (2) and wave polarization relations to estimate momentum flux from high-resolution
temperature measurements (Ern et al., 2004):
M =
⇢¯
2
k
m
✓
g
N
◆2✓ Tˆ
T¯
◆2
(4)
where g is the gravitational constant. The largest error in HIRDLS momentum flux is due to the
uncertain direction of propagation, and hence the generally large error in k and no directional
information due to the two-dimensional nature of the measurements. In other words, with limb-
sounding measurements like HIRDLS, we cut through the horizontal wavelength structure of the
wave at an unknown angle and hence in general, the observed apparent horizontal wavenumber is
generally smaller than the true wavenumber k.
Figure 7. Left: DJF-mean
HIRDLS short wavelength
momentum flux at 25 km.
Right: Jan 2007 time series
of HIRDLS momentum fluxes
for long vertical wavelength
waves at 40 km (red) and
short vertical wavelength
waves at 25 km (blue) over
Scandinavia.
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Figure 2. The black line shows the brightness tempera-
ture response in the AIRS 667.8 cm–1 channel as a function
of vertical wavelength. Also plotted is the kernel function
for this channel (gray line) versus altitude, in normalized
units to illustrate the vertical structure [after Hoffmann and
Alexander, 2009].
[17] 3. If the observation includes both an island wave
and a larger-scale background wave pattern, there must be a
distinct change in the pattern directly adjacent to the island.
[18] Using these criteria to identify island wave events
allows us to calculate a wave occurrence frequency. This is
the number of wave observations divided by the total num-
ber of observations and expressed as a percentage. Monthly
occurrence frequencies were calculated for each island or
island group.
[19] The detection criteria are obviously subjective, and
there are a number of observations with possible wave
events that are weak and do not stand out above noise or
above background waves. Observations in this class are
categorized as uncertain and are used to compute a rough
estimate of error in the orographic wave occurrence frequen-
cies. This method gives an uncertainty in the occurrence
frequencies of ˙8%. The monthly occurrence frequencies
are derived from 45–96 AIRS overpasses per island group,
depending on latitude, resulting in confidence intervals on
monthly frequencies ranging 10–15%.
2.2. Analysis of Momentum Flux
[20] We seek to determine the importance of these island
orographic waves to the circulation in the middle atmo-
sphere. We therefore use the analysis described in Alexander
et al. [2009] to compute momentum fluxes associated with
the events. Briefly summarizing, the analysis computes the
horizontal wave number vector k and brightness tempera-
ture amplitude OTB as a function of latitude and longitude
across AIRS measurement swaths using spectral analysis
methods. The cross-track Fourier cospectra between adja-
cent scans averaged for scans near the islands are analyzed
to identify cross-track wave number (k1) peaks. These peaks
are then identified in the cross-track wavelet covariance for
each pair of adjacent scans, and the phase shift (!") for
these identified waves gives the along-track wave number
k2 = !"/!s, where !s is the distance between adjacent
scans, and the amplitude OTB determined from the square root
of the wavelet covariance. The wave number k is (k1, k2)
transformed to geographic zonal and meridional components
(kx, ky) with knowledge of the orbit geometry. Finally, the
ambiguity in propagation direction along the line (kx, ky) is
broken with the assumption that the waves are stationary
and propagating with an upwind component. Vertical wave-
length is computed from the dispersion relation for station-
ary waves (ground-based frequency and phase speed = 0).
Supplementary wind data are also needed, and we use ERA-
Interim reanalysis data. The vertical wavelength #Z is then
given by
#Z = 2$
!
N2
U2
– |k|2
"–1/2
. (1)
Here N is the buoyancy frequency, and U is the horizon-
tal wind component in the direction of k. The momen-
tum flux vector is then estimated using linear polarization
relations as
F =
N%#Zk
4$
# g
N
$2  OTs
NT
!2
, (2)
where g is the gravitational acceleration, OTs = OTB/A(#Z)
is the sensible temperature amplitude, and NT and N% are
the background temperature and density, respectively. A(#Z)
is a response function, which is the ratio of the bright-
ness temperature response to the wave sensible temperature
amplitude. A(#z) varies with vertical wavelength as shown in
Figure 2 (black line), which results from the kernel function
for this channel (gray curve in Figure 2). These are the func-
tions computed by Hoffmann and Alexander [2009]. Longer
vertical wavelength waves have a larger response and will
therefore tend to have larger signal to noise and be more
easily detected.
[21] Because the above analysis assumes that the waves
are stationary, the estimated momentum flux may have larger
errors if the field of view includes non-orographic waves that
are not associated with the islands since these waves may
not be stationary. However, in cases where the island oro-
graphic wave is embedded in a field of these non-orographic
waves, the wavelet method for computing the horizontal
wavelength and propagation can distinguish the local prop-
erties of the island waves near the island. So the momentum
flux near the island may be accurate, but the non-orographic
waves can give an erroneous background flux in the sur-
rounding region. We will return to this issue in section 4.
Additional problems can occur when gaps between swaths
may obscure much of the orographic wave pattern. Also note
that the resolution of the measurements varies across the
swath, so the shortest horizontal wavelength waves may be
obscured if the pattern occurs near the edge of the swath.
Examples shown in Figure 1 help to illustrate some of
these issues.
[22] Errors in AIRS brightness temperatures in this chan-
nel are estimated in Pagano et al. [2003]. To estimate the
error in the momentum flux associated with pure noise, we
assume OTB equal to the noise-equivalent !TB of 0.4K, a
horizontal wavelength of 40 km (approximately twice the
average resolution) and typical winter values for NT, U, and N
at 3 hPa (250K, 100m–1, and .022m–1, respectively). These
give an estimate of the magnitude of momentum flux due to
pure noise of !4mPa.
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Figure 2b shows the PDF of absolute momentum
fluxes calculated in the ECMWF (thick lines) and de-
rived from the Concordiasi observations (thin lines) for
the peninsula and the oceanic regions depicted in
Fig. 2a. The peninsula is representative of the regions
with theOGWevents, whereas the ocean regions devoid
of (and far from) any topography are associated mainly
with NOGWs. The PDFs from ECMWF and Con-
cordiasi exhibit long tails that account for highly in-
termittent GWs (Hertzog et al. 2012) and are consistent
with the momentum fluxes time evolution (not shown)
that oscillates between weak fluxes (,10mPa) and rare
intense events where the fluxes exceed 500mPa locally
(in Concordiasi). The PDFs in the ECMWF and Con-
cordiasi are very similar in shape, irrespective of their
different means. The PDFs, over mountains and oceans,
are almost indistinguishable for fluxes smaller than
10mPa in the ECMWF and 20mPa in Concordiasi. For
larger fluxes (.40mPa), the contrast between OGWs
and NOGWs increases with a decrease in the frequency
of large nonorographic events. For the larger values of
momentum fluxes, occurrence frequency over moun-
tains remains approximately one order of magnitude
bigger than that over oceans. Moreover, calculations of
the 90th percentiles show that 72% and 43% of the total
flux are due to the 10% largest GW events over topog-
raphy and smooth terrain respectively in the ECMWF.
In Concordiasi, they account for 64% and 29% of the
flux over mountains and oceans. In accordance, calcu-
lation of the Gini coefficient yields values of 0.6 and 0.5
for OGWs and NOGWs momentum fluxes respectively.
Hence, this results in more occurrences of larger fluxes
over mountains than over smooth terrain, which is
consistent with the findings of Hertzog et al. (2012).
c. Time and spatial variability of the GW fluxes and
their intermittency
We mentioned earlier the importance of quantifying
time and spatial variations of the GWmomentum fluxes
to take this variability into account in the parameteri-
zations. In the previous section we have examined the
geographical distribution of the wave fluxes averaged
over the Concordiasi time period, and we now focus on
the time evolution of these fluxes.
Figure 3 (left panel) displays the monthly averaged
GWmomentum fluxes calculated in the ECMWF at full
resolution from September to December 2010. As for
the mean fluxes, applying the balloon sampling in
ECMWF analyses and multiplying the ECMWF fluxes
by a factor of 5 enables us to obtain a good agreement
with the balloonborne monthly averaged momentum
fluxes. Still, once again, it is found that ECMWF tends to
underestimate the wave fluxes over the Antarctic Pla-
teau and Amundsen Sea. The maps notably highlight a
continuous decrease in GW activity in the polar lower
stratosphere throughout this 4-month period. In
ECMWF and Concordiasi, the decrease of 85%–90% in
momentum flux over the peninsula (see Table 1) from
November to December is particularly striking, com-
pared to the 20%–30% decrease of NOGW fluxes for
FIG. 2. (a) Map denoting the mountain (black) and ocean (red) regions and (b) regional PDFs of the momentum fluxes in ECMWF (at
19 km) and in Concordiasi.
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Figure 7. Monthly-mean May through September
wave momentum fluxes. (left) Kerguelen (blue/squares)
and Heard (red triangles) islands. (right) S. Georgia
(blue/squares) and S. Sandwich (red/triangles) islands.
shape of the distribution in Figure 8 is also consistent with
the interpretation that the wind variations explain most of
the intermittency in the AIRS-observed orographic gravity
waves above the islands at 40 km altitude.
[43] Additional information derived from the distributions
gives insight into the typical properties of the waves. Most
significant momentum fluxes generally occur for waves with
horizontal wavelengths ranging from 50 to 250 km (median
of !125 km). As expected, these events rarely occurred in
weak winds < 40m s–1 and most commonly at wind speeds
near 80m s–1.
5. Discussion: Implications for Climate Models
[44] The observations reveal that the zonal winds near the
3 hPa (40 km) observation level exercise a first-order control
on the occurrence frequencies of island orographic waves in
the AIRS data. This is a visibility effect, and the implication
is that these waves occur much more frequently at lower alti-
tudes below the observation level. Occurrence frequencies
as high as 75% are observed under favorable wind condi-
tions, so such occurrence frequencies may be common at
altitudes below the observation level. The observations fur-
ther suggest that momentum fluxes over the larger islands
with peak altitudes higher than 1500m show monthly-mean
momentum fluxes higher than 100mPa in months when
conditions are favorable. For smaller islands, the numbers
decrease. Momentum fluxes normally decay with height in
observations [e.g., Alexander et al., 2008; Ern et al., 2011],
suggesting the possibility that some of the largest monthly-
mean values of momentum flux observed at 40 km altitude
may be common at lower altitudes.
[45] Are these small island sources of orographic gravity
waves important to the general circulation of the strato-
sphere? The above results do not permit a definitive answer
to that question, but they do permit an exploration of whether
they may be important or whether they are negligible. To
investigate their potential impact on the general circula-
tion, we can make the following assumptions based on the
observational results presented in Figures 4–8 and compute
a potential contribution to the zonal-mean momentum flux:
[46] 1. Assume that occurrence frequencies of 75% are
common in the lower atmosphere.
[47] 2. Assume typical event momentum fluxes in the
lower atmosphere of 100mPa averaged over a 5ı " 4ı area
above larger islands with topography higher than 1500m.
[48] 3. Assume typical event momentum fluxes in the
lower atmosphere of 50mPa averaged over a 3ı " 2ı area
above smaller islands with topography higher than 2000m.
[49] 4. Assume typical event momentum fluxes in the
lower atmosphere of 30mPa averaged over a 3ı " 2ı area
above small islands with topographic peaks 1000–1500m.
[50] Results are listed in Table 3. Because the island wave
momentum fluxes cover only very small areas, the poten-
tial contributions to the zonal mean are quite small for each
island, ranging from 0.2 to 1mPa. Collectively, however,
their contributions may form a substantial fraction of the
10mPa “missing flux” in the CMAM study of McLandress
et al. [2012] in the Southern Hemisphere stratosphere.
[51] The islands in this study lie at a range of latitudes,
not all at 60ı where the gap in continental topography
occurs. Horizontal propagation of mountain waves has been
observed and may also partially fill the gap. Note that the
island waves in this study also travel horizontally, often
by several degrees or more of latitude north/south of the
island. Horizontal propagation is clearly at least somewhat
important, and that importance will increase with altitude.
However, as mentioned in section 1, meridional propaga-
tion implies a meridional component of the momentum
flux, which would reduce the contribution to the drag on
zonal winds.
[52] Finally, note that AIRS provides a measure of
momentum flux at 40 km, while the 10mPa zonal-mean flux
in the Southern Hemisphere gap estimated in the CMAM
Figure 8. The histogram shows probability of occurrence
of different momentum flux values in all May–September
events within the boxes in Figure 6 surrounding S. Georgia,
S. Sandwich, Kerguelen, and Heard Islands. Values smaller
than the noise level (4mPa) have been omitted. The gray
curve shows the lognormal distribution with the same mean
and standard deviation as the data. The 90th percentile indi-
cates that 40% of the flux is contained in only the largest
10% of events.
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Figure 8. Time series for absolute momentum fluxes at (a) 70.1◦S, 63.4◦W
and (b) 55.7◦S, 75.3◦W. (The two locations are shown in Figure 10(d).)
measure of the intermittency of the fluxes:
Ig =
N−1∑
n=1
(
n f − Fn
)
N−1∑
n=1
n f
. (2)
It is normalized so as tohave value 1 for themost intermittent
series, and 0 for the constant series.
This measure is very well known in economics and is used
to quantify inequalities of income; it is the Gini coefficient
(Gini, 1912).We propose this as a measure of intermittency,
with the advantage that is does not require an arbitrary
choice of a percentile, and it involves integration and hence
is not very sensitive to sampling.
Figure 10 compares the intermittency calculated as
in Hertzog et al. (2008), and quantified with the Gini
coefficient. In order to compare with the estimates from
balloon observations (Figure 8 in Hertzog et al., 2008), the
same grid is used in the left column. Striking features are as
follows: the two distributions are very similar, highlighting
mountainous regions as the most intermittent, in particular
the Antarctic Peninsula (the average over region 1 is
0.63, the maximum value in a 5◦ × 10◦ box is 0.79,
minimum is 0.45). Some parts of the coastline also have
significant intermittency. The greatest parts of the Southern
Ocean have relatively low values of intermittency, with no
apparent spatial structure (average is 0.44,maximum is 0.58,
minimum is 0.34). Only one region within the Southern
Ocean stands out with relatively strong intermittency,
between 150◦W and 90◦W, and between 65◦S and 55◦S–in
the southeast Pacific. Inspection of the flow reveals that
the values found for the mean fluxes in this specific region
(cf. Figures 3 and 4) are due to one intense event, at the
beginning of the period (days 296–298, 23–25 October),
which also accounts for the small peak found at those dates
in Figure 7.
Inorder toassesswhether any spatial structure ispresent in
these estimates of intermittency, other than the distinctions
outlined above, the intermittency has been calculated
from the momentum fluxes described on the WRF grid
(Figures 10(b, d)). Momentum fluxes were calculated as
described in section 3.1, but smoothed at each time with
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Figure 9. (a) Values of absolute momentum fluxes sorted in increasing
order and rescaled by their maximum, for the same locations as Figure 8
(solid line for the Antarctic Peninsula, dashed line for the SouthernOcea ).
(b) Cumulative sum of the sorted momentum fluxes, rescaled by the sum
(the Lorenz curve). The straight line would correspond to a constant
process. The intermittency is defined as twice the area between the straight
line and the curve of the cumulative sum.
a smoothing window of width 500 km. One could have
expected a signature of t backgrou d winds to come out.
This is not the case. In fact, the intermittency diagnostic
covers a significant range of values, but shows little large-
scale structure other than the distinction between OGWs
and NGWs. Fairly large values of intermittency are clearly
associated with South Georgia Island, lready highlighted as
a potentially important source of waves (Alexander et al.,
2009). Over the oceans, intermittency is patchy, and local
maxima appear to be contingent and due to specific events
of our short period rather than to climatological features.
4.3. Hovmo¨ller diagrams
A synthetic view of the above results regarding both
geographical distrib tion and te poral variability is
provided by Hovmo¨ller diagrams. The zonal momentum
fluxes are ere revisited in t is way.
Figure 11 shows a time–latitude view of the simulated
zonal momentu fluxes at z = 17 km. Three obvious
features can be seen:
(i) The maxi al values occur in the latitude range
from 65◦ to 75◦S, corresponding to the Peninsula.
These maxima are intermittent and mostly confined
to the beginning of the period (days 294–318, i.e.
21 October to 14 November 2005), corresponding to
very intermittent orographic waves.
(ii) The region north of 65◦, mostly corresponding to
the oceans, exhibits moderate fluxes with a much
smoother distribution. The smoother distribution is
partly due to averaging events over a much wider
region, whereas the orographic wave events which
dominate the average around 70◦ are due to a single,
narrow region. Again, we note the general decay with
time of the fluxes for this latitude band, consistent
with Figure 7.
(iii) Fluxes over the southernmost latitudes are extremely
small, corresponding to the very weak values found
over the Plateau.
The average over time of such Hovmo¨ller diagram helps
to quantify the relative contributions of the OGWs over
the Peninsula and the NGWs over the Southern Ocean,
as in Hertzog et al. (2008). For that purpose, Figure 12
shows the zonal average of the total momentum fluxes
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A! " #A$ % ##A$$, where the second-level average is
computed over a 200-km length scale.
The TKE derived from the research aircraft ata
(Fig. 9a) indicates that an approximately 50-km wide
maximum exists in the wav breaking zone with long ail
extending more than 180 km downstream, likely due to
contributions from advection and local production. The
TKE is displayed in Fig. 9a for each c mponent, u!2/2,
&!2/2, and w!2/2, wher u, &, and w are the zonal, me-
ridional, and vertical wind components, respectively.
The magnitudes of the three TKE components are
comparable, indicative of quasi-isotropic turbulence.
The vertical flux of the horizontal momentum is
shown in Figs. 9b,c. The portion of the vertical flux of
the zonal momentum, '#u!w!$, associated with turbu-
lence-scale mixing is positive in the wave breaking
zone, and the corresponding meridional flux, '#&!w!$, is
negative, where ' is the air density. The zonal momen-
FIG. 8. Vertical cross-section analyses based on the NOAA
G-IV in situ and dropwindsonde observations for (a) potential
temperature (K) (isentrope interval 4 K) and (b) section-parallel
wind speed (m s%1) (black, isotach interval 4 m s%1) and isen-
tropes (gray) valid at 1200 UTC 29 Jan 1997.
FIG. 9. Diagnostics derived from the NOAA G-IV 25-Hz flight
level measurements consisting of (a) turbulence kinetic energy
components, (b) vertical flux of horizontal momentum for the
turbulence scales (less than 5 km), (c) vertical flux of horizontal
momentum for the wave scale (greater than 5 km), and (d) ver-
tic l heat flux for turbulence and wave scales. The computations
are performed along the identical segment as shown in Fig. 7.
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Combine	observa>ons	from	AIRS	and	HIRDLS	to	es>mate	
momentum	ﬂux	from	high-impact	gravity	wave	events	
	
Use	a	high-resolu>on	global	model	constrained	by	observed	
large-scale	(>600	km)	winds	and	validated	by	observa>ons	from	
AIRS	and	HIRDLS	to	calculate	“drag”	from	high-impact	gravity	
wave	events	and	impact	on	circula>on	and	transport	
	
Objec>ves	
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AIRS	and	GEOS	Tb	anomalies	
GEOS	
T b
	[K
] 	
AIRS	
T b
	[K
] 	
•  GEOS	Tb	wavelength	and	amplitude	are	remarkably	similar	to	AIRS		
•  GEOS	is	smoother,	probably	because	of	smoothed	topography	
Summary	and	Conclusions	
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•  High-impact	GW	events	are	important	for	circula>on	in	the	lower	stratosphere	
•  GW	mom	ﬂux	and	especially	drag	are	diﬃcult	to	calculate	from	observa>ons	
•  Combining	HIRDLS	and	AIRS	can	improve	es>mates	of	GW	drag	
•  “Drag”	and	circula>on	eﬀects	can	be	es>mated	with	global	high-res	model	
Ongoing	work:	
•  Extending	methods	to	other	orographic	hotspots	to	get	a	global	picture	of	eﬀects	
on	circula>on	and	transport	
•  Extending	methods	to	nonorographic	hotspots	
•  New	global,	high-resolu>on	runs	with	12-,	6-,	3-,	and	1.5-km	horizontal	resolu>on	
Thank	you!	
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